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ABSTRACT

Fiber-reinfotued titanium matrix coutpmitm (TMCs) are among the advanced tmtaials being cmuide:ed

for use in the aerospace industry due to their fight weight, high strength, and high modulus. A rapid

infrared joining process has been developed for the joining of composites and advanced materials. Rapid

infrared joining has been shown not to have many of the problems associated with conventional joining

methods. Two models were utilized to predict the joint evolution and fiber reaction zone growth. TMC,

16-ply SCS-6/p21 S, has been successfully joined with total processing times of under 2 rain utilizing the

rapid infrared joining'technique. The process utilizes a 50°C/;ec ramping rate, 17-ttm Ti-15Cu-15Ni wt %

filler material between the faying surfaoes_ a joining temtgratme of 1100eC; and 120 sec of time to join the

composite material. Joint shear strength testing of the rapid infrared joints at temtgratutes as high as

800"C has revealed no joint failures. Also, clue to the rapid cooling of the process, no poststabilization of

the matrix material b necessary to wevent the formation of a brittle omega phase during subsequent use of

the TMC at intemgdmte t_ 270 to 430°C, for up to 20 h.

*Managed by Lockheed Martin Energy Systems under contract DE-AC05-84OR21400 with the
U.S. Deparm_nt of Energy.
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1. INTRODUCTION

The requirement of structural materials for future aerospace vehicles and

advanced applications necessitates the development of new materials with

specific properties at elevated temperatures [1]. In order to use titanium mtrix

composites (TMCs) as structural components with complicated geometries, the

successful development of joining techniques that provide strong bonds and do

not weaken the base materials being joined is essential [2]. Conventional

welding/joining techniques typically proceed under critical conditions in which

the reinforcing material is exposed to a superheated molten matrix for

substantially long times [3]. This may give rise to accelerated reaction rates

between the matrix and reinforcing material, leading to extensive interdiffusion,

reinforcement material dissolution, and possible total deterioration. In general,

there are limited published works in the area of TMC joining and metal matrix

composite (MMC) joining [4-7]. Essentially no mature joining techniques have

been established, especially for continuous fiber-reinforced composites [8].

Diffusion bonding [8,9], laser beam welding [10], and brazing [11] are the

techniques that have been investigated, thus far, for joining of continuous fiber-

re_nforced TMC. Electron beam welding has been utilized _n the area of

aluminum matrix composite joining in addition to the abovementioned methods

[12]. Conventional fusion welding methods, such as arc or resistance welding,

are likely to be only of limited use for joining composites since melting in

these processes causes extensive reaction at the joint. Weld pool chemistry

alterations, unacceptable distribution of, and interfacial reactions between, the

reinforcement and matrix are typical problems encountered in _hese techniques.
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A successful TMC joining method must be developed that will limit the

reaction between the matrix _nd reinforcement during joining. This may be

accomplished by minimizing the size of the liquid pool during liquid state

processes and minimizing the processing time in the cases of solid and liquid-

solid state processing. In an effort to minimize the processing time in transient-

liquid-phase (TIP) joining of TMC, a rapid infrared joining (RU) technique has

been developed at the University of Cincinnati. The RU technique is a fast,

simple, and economical process that does not require any vacuum. The process
has been utilized to join many advanced materials that me inherently difficult to

join [13,14].

In this study, a thin-film diffusion model was utilized for predicting the

optimum joining temperature and time to form a joint free from any deleterious

second phases. This reduced the experimental trial and error and gave a
sound estimation of the joint evolution during isothermal or nonisothermal
solidification. The kinetics of reaction zone growth between the SCS-6 fiber and

the ll21S matrix as a function of joining time and temperature were proposed

based on this model. This allowed for the optimization of the joint while

minimizing the fiber/matrix interfacial reaction. Furthermore, matrix phase

stability in terms of joining temperatures investigated and operation

temperatures of the final TMC assembly were investigated. Results from this

study allow for a fundamental understanding of the joint evolution during
RU, the resultant fiber/matrix interracial reaction growth, and phase stability

o.f the matrix. This provides for possible commercial implementation of the

RIJ process.

2. THIN-FILM DIFFUSION MODEL

The TLP joining process can be analyzed in four stages by considering it as

a moving boundary problem involving two phases, solid and liquid. We will use

an arbitrary eutectic phase diagram between two elements, A and B, in Figure 1

for discussion. The four stages of the TLP joining process can be summarized as
follows:

1. (a) Dissolution of the interlayer B and formation of the joining alloy

and (b)if qsing interlayer with a melting point lower than the

joining temperature (Tj), melting of the interlayer.

2. Homogenization of the liquid.
3. Isothermal solidification.

4. Homogenization of the joint region.
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Figure I. Binary phase diagram showing the composition of the different

phases in transient-liquid-phase joining.

In the case where two pieces of the base material A are to be joined by a

pure interlayer of B, l a, the melting of B results from the mixing of A and B

atoms at the A/B interface. The melting begins to occnr when the interface

attains the concentration of Csct. The dissolution of B is very rapid due to the

infinite concentration gradient at the interface. The diffusion at this stage is

controlled by the liquid-state diffusion, DI, and the total time, tl, required for

the dissolution of the interlayer B is on the order of seconds. The driving force

for continuous dissolutio-,t of B is proportional to the difference between C113 and

Chx. For step l(b), the interlayer utilized melts at the joining temperature and

usually is the eutectic composition (CEu) and, therefore, is positioned to the right

of Clct. This allows for very rapid formation of the joining liquid, especially when

the interlayer is of the rapidly solidified type.

From this point forward, cases l(a)and (b) may be treated identically.

During stage two, the joint is in the liquid state, but it is inhomogeneous and

supersa:ur_ted at the joining temperature (Tj). Therefore, the average

composition of B in the liquid is greater than Clcx, which results in a situation

where the liquid zone is not in equilibrium with the adjoining solid surfaces, and

the seiid A dissolves to dilute the liquid. The B atoms diffuse into the solid A at
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the solid-liquid interface to form the primary solid solution, and the solid at the

interface melts whenever the B concentration in the a-phase at the interface

exceeds Csa.

During this dissolution of the bas_ material, the diffusion in the solid is

controlled by the solid state diffusion (Ds), while the liquid phase undergoes

homogenization, which is controlled by DI. The liquid zone will widen until it has

a uniform concentration equal to that of Cla. The time for this process to occur

will be designated as t2.

At the time the concentration of the liquid reaches Cla, the solid-liquid

interface reverses direction. The liquid zone begins to shrink due to the

euriclnncnt of A in the liquid, due to the diffusion of B into A. The rate of loss of

solute B from the liquid to solid A controls the rate of interracial displacement

towards the center of the joint. Therefore, the rate-controlling factor is the Ds of

B into A . The time (qs) needed for this to occur is on the order of minutes to

hours depending on Ds and temperature. After isothermal solidification, the

joint may be held at a texture of choice to homogenize the joint. Ds is the

dominant parameter, and the annealing time, tHem, can be much longer.

Due to the complex process of stage two and the extremely short period of
time for it to occur, less than 1 sec, the modeling will begin with stage three.

General solutions of the diffusion equation can be obtained for a variety of initial

and boundary conditions provided that the diffusion coefficient is constant. The

isothermal solidification of the joint defined as stage three has the following

initial boundary conditions:

Ca=Co, x<O

Ca= C_, x = 0

cl =Cla, x> 0

This is simply stating that the liquid composition in the joint follows the liquidus,
and the solid follows the solidus.

The displacement of the interface results from the diffusion of the

B component into the solid a-phase. This is a result of the concentration

gradient, aca/a×. The solute conservation requirement in the solid allows for

the application of Fick's Law for the case of unidirectional diffusion when D is
constant:

aClS/atlS = Ds[ _ -a2C _/ax2 , (2.1)



and the solution to this equation can be expressed as follows:

C = A.qs'0-5-exp(-×2/4Dsl3-tlS) .

The total amount of substance diffusing in a cylinder of infinite length

cross section is given by:

M-J" Cdx,
-OO

and if the concentration distribution
writing:

6

(2.2)

and unit

(2.3)

is that of expression (2.2), it is observed on

x2/4D.t = £2 _-__> dx = 2(Dt)0-5d£ , (2.4)

where £ = x/2D-5-t -5 ,

that:

M = 2A.D0.5J'_, exp(-£2)d£ = 2A(g.D)0.5 . (2.5)

The expression (2.5) shows that the amount of the substance diffusing

remains constant and equal to the amount originally deposited in plane x = 0.

Substitution for A from Eq. (2.5) into (2.2) gives the following:

C(×,t) = 0.5.[M.(x-D.t)'0-5]-exp(-x2/4D-t) , (2.6)

and this is the solution that describes the spreading of the initial amount of

substance M (interlayer) placed at time t = 0 and in the plane x = 0. In Eq. (2.6),

× is the distance in either direction perpendicular to the initial joining layer. The

validity of Eq. (2.6) can be verified by two means. First, differentiation of

Eq. (2.6) will show that it is a solution to Eq. (2.1). Second, Eq. (2.6) must

satisfy the following boundary conditions:

C-->0 as t-->- for 1 x 1 >0

C-->-ast--> 0 for × =0

Also, the temperature dependence for the time for isothermal solidification may

be introduced through the Arrhenius relation:

D PCu= DOexp(-Q/RT) , (2.7)
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where DO has the value of 3.16 × 105 cm21sec, QCu has the value of

331 kJ/mole, and R has the value of 8.314 J/°K.mole [15]. Utilizing the

Arrhenius relation, Table I shows the c'dculated diffusion coefficient for Cu in Ti

as a function of temperature.

Table 1. The calculated diffusion coefficient for

Cu in Ti as a function of temperature

Joining temperature Diffusion coefficient

950*C

1005oc

1050oC

1100°C

1150°C

2.3 × 10 .9 cm2/sec

8.3 × 10 .9 cm2/sec

2.7 x 10-8 cm2/sec

8.1 × 10 .8 cm2/sec

2.2 x 10 .7 cm2/sec

An attempt was made to simplify the multielement, [_21S/Ti-15Cu-15Ni,

system to a two-element system, Ti-Cu, for the purpose of modeling. The

elements (Mo, Nb, Cu, and Ni) are _11 beta stabilizers, AI is an alpha stabilizer,

and Cu and Ni have similar atomic radii. Processing below 1003°C would am be

feasible in the Ti-Cu system due to the fact that below this temperature, a two-

phase region consisting of Ti2Cu and 13-Ti exists. The Ti2Cu phase would be

detrimental to the joint shear strength. In terms of the limited phase

equilibrium Ti-Cu-Ni ternary wo-k by Shalin and Kovneristy [16], the solid

eutectic phases in the system are I_-Ti, Ti2Cu (8), and Ti2Ni (e). The E and 5

phases first appear at temperatures below 1003°C, which further suggests that

the Ti-Cu binary, assumption is valid° From these calculations and observations,

a processing temperature of 1005°C or greater and a processing time in

accordance with Table 2 would allow for isothermal solidification of 13-Ti without

any intermetallic phase ,_uch as e and S.

Taking Eq. (2.6), setting x equal to zero, only being concerned with the

center of the joint, and solving for time, it is possible to calculate the time for

isothermal solidification at each of the possible joining temperatures. This will

allow for the prediction of the joining time necessary to yield a joint of any

composition chosen. Performing these operations will yield Eq. (2.8):

tlS = M2/4zD[_cuC [$2. (2.8)
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From experimental verification it was observed that the average joint

width was 31.8 pm and the standard deviation was 0.7 pm when isothermal

solidification began to proceed. From the binary Ti-Cu phase diagram, the

isothermal solidification begins when a Cu concentration of 27 a/o Cu, the

liquidus composition at the joining temperature, is homogeneous across the

liquid zone. The solid solidifying out will have the composition of 11.4 a/o, the

solidus composition at the joining temperature. Table 2 lists the calculated times

(see Eq. 2.8) for solidification for various processing temperatures.

Table 2. T'nne required for isothermal solidification

at varied processing temperatures.

Joining temperature tlS

1005°C 550 sec

1050°C 169 sec

1100°C 56 sec

1150°C 20 sec

Utilizing Eq. (2.6) and setting × equal to zero to look only at the center of

the joint, calculations can be made in order to verify the center of the joint

composition with further holding after isothermal solidification. A homogenized

joint will be defined as having 5 wt % solute in the joint. This value was chosen

because this concentration of solute would intersect the solidus at approximately

1485°C, which should provide a joint that is able to withstand high-temperature

(600 to 815°C) environments. Similar 5 wt % assumptions have been made by

other workers in the area of Ti-based joining [15]. Calculations of the total

joining time necessary to achieve the 5 wt % solute in the joint area, thorn, for

the possible processing temperatures are shown in Table 3.

Table 3. The calculated joining times necessary to homogenize

a joint at varied processing temperatures.

Joining temperature tHorn

1005°C 1348 sex

1050°C 412 sec

1100°C 137 sec

1150°C 49 sec
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3. FIBER REACTION ZONE GROWTH MODEL

Now that the potential joining times and temperature that result in a
homogeneous joint, defined as having 5 wt % solute or less, have been identified,
the resultant effects on the fiber reinforcement may be evaluated. The growth

of reaction layers between the SiC reinforcement and the Ti matrix has been

studied by Martineau et al. [17]. The potential for a reaction to occur is
determined by thermodynamic factors, but the extent of the reaction is

controlled by kinetic parameters. Kinetics of reactions are controlled by

processing variables such as time, temperature, and the diffusion/chemical
reaction rates of the components in the composite. The thickness of a reaction

layer, x, in an SiC-Ti composite system has been shown to increase linearly with

the square root of the heating time, t, at a given temperature providing the

reaction layer is not too thick [17]. The equation for the reaction layer thickness

may be written as:

x = k.(t) 0-5 , (3.1)

where k is the parabolic rate constant of the reaction following an Arrhenius

temperature dependence. Therefore, Eq. 3.1 becomes:

× = ko exp('Qr/2RT)'t 0"5 + b , (3.2)

where R is the gas constant, ko is the pre-exponential factor, T is the absolute

temperature, b is the original thickness, and Qr is the activation energy for the

diffusion phenomena. In the temperature range of 700 to I I00°C, the measured

values of Qr and ko were 232 kJ/mol and 0.122 cm/s 0-5, respectively, as

reported by Gundel and Wawner [18] in the study of the 1321S matrix with the

SCS-6 reinforcement. These reaction constants were determined over a range of

temperatures and were used to construct an Arrhenius plot in which a least-

squares line was fitted through the data points to yield the values of Q and ko.

Therefore, using the kinetics growth model, Eq. (3.2), by Martineau et al.

[17] and the Qr and ko values from Gundel and Wawner [18] for the 1521S matrix

with the SCS-6 reinforcement, predictions for reaction zone growth for the

possible joining parameters can be obtained. Table 4 lists the calculated fiber

reaction zone growth during the fabrication of homogenized joints having less

than 5 wt % solute in the centers of the joints as a function of joining

temperature.

As can be seen in Table 4, higher joining temperatures for shorter holding

times result in a homogenized joint with less reaction zone growth. It was



Table 4. Calculated fiber reaction zone growth during

the fabrication of homogenized joints as a

function of joining temperature

10

Joining temperature Reaction zone growth

1005°C 0.81 tim

1050°C 0.65 tim

1100°C 0.52 tim

1150°C 0.47 tim

therefore determined from the two models that a processing temperature of

I I00°C and a time of 120 sec should produce homogenized TMC joints with

minimal fiber reaction zone growth.

4. EXPERIMENTAL

The RIJ process involves four steps: (1) sample preparation, (2) filler

alloy preparation, (3) filler alloy placement, and (4) infrared TLP joining.

4.1 Sixteen-Ply SCS-6/1321S Titanium Matrix Composite Preparation

The 16-ply [0 °, +/_ 45 °, 90 °] SCS-6/_21S TMC was obtained from the

National Aeronautics and Space Administration Lewis Research Center. Beta 21S

is a titanium alloy having the composition Ti-15Mo-2.7Nb-3AI-0.25Si, wt %. The
fibers are designated as SCS-6, which are silicon carbide fiber_ pzoduced by

Textron Specialty Materials, and have a diameter of about 147 ttm with a 3-tim

carbon-rich coating. The I_21S with the SCS-6 reinforcement is stabilized at 621°C

for 8 h after consolidation. This stabilization process prevents the formation of

a brittle omega phase in intermediate temperature ranges, 270 to 430°C, for long
service times [15]. The TMC was cut with a diamond wheel on a Buehler low-

speed saw or by water jet cutting in order to prevent phase changes and

fiber/matrix reactions. Samples were cut into 31 × 0.47 x 3.5 mm specimens

with a thickness of 1.2 mm for single-lap specimens, 76.2 × 0.47 × 6.25 mm and

76.2 by 12.7 mm with a thickness of 3.45 mm for high-temperature double-

overlap specimens, and 30.5 × 4.0 × 3.45 mm for four-point bend specimens.

The samples for joining were ground to a 17-tim finish, degreased in acetone

ultrasonically, and rinsed in acetone.
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4.2 Filler Alloy Preparation

The filler material used in this study was a 17_m-thick foil of IVIETOLAS

Brazing Foil 5003 (MBF 5003) that consisted of a composition of
Ti-15Cu-15Niwt %. This foil was produced by a rapid solidification (RS)

process. The RS is characterized by cooling rates approaching. 106°Clsec.
Because RS rnicrocrystalliuc and amorphous materials are composiuonally much

more uniform, their melting under transient heating occurs over a narrower

temperature range. The RS foil has solidus ud liquidus temperatures of 902

and 932°C, respectively, during transient heating. The RS foil allows for joining

at lower temperatures for shorter times. This is particularly important when

base material parts being joined lose their inherent strength due to annealing

during joining. The MBF 5003 was chosen due to these masons. Also, the
amount of solute content can be reduced while still maintaining a reasonable

joint interlayer thickness, and the elemental compatibility with the base

materials being joined. Also, limited characterization of the available titanium-

based RS foils revealed that the MBF 5003 was the preferred fiber material [ll].

After selection of the type of fdler, the MBF 5003 filler material was cut to the

appropriate size, degreased in acetone ultrasonically, and rinsed in acetone.

4.3 Joining

The TMC specimens with the filler metal were then placed in an infrared

furnace in the appropriate joint configuration according to the type of

postmechanical testing desired. Parts were kept in place by a carbon screw,
tightened by hand before loading the assembly into the furnace. No pressure

was maintained during bonding because of the absence of autonomic load

compensation for the expansion of the specimens and liquidification of the

joining material. The processing temperature was monitored with a chromei-

alumel (K-type) thermocouple spot welded on the specimen near the joint area.

The specimens were argon purged for approximately 60 so: prior to the heating

cycle. During the entire joining process, argon was purged through the heating

chamber at 250mL/min in order to prevent oxidation. Typically, the

temperature of the specimen was brought to a preset joining temperature in

20 to 30 sec and then held at that temperature for various lengths of time

before the power was terminated. The joining temperature was I I00°C, and the

joining time was varied from 5 to300sec. The variation of time at

temperature was accomplished in order to study the effects of joining time ou

the fiber/matrix reaction zone growth, joint evolution, phase stability of the

matrix, and the effects of these on the joint and base material mechanical

properties. Four-point bend samples were infrared thermally cycled at these

parameters to verify changes in TMC properties. After joining, the sample

cooled naturally in an argon atmosphere. The cooling rate was rapid due to the
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cold wall process .of infrared heating, in which, due to selective transmitting
power and emissivsty, only the sample was heated to the desired temperature.
The samples normally cooled to below gO0_C in less than I0 sec and reached

ambient temperature in approximately 5 rain.

S. RESULTS AND DISCUSSION

Two models wer_ utilized in this study to outline the optimum joining time

and temperature that minimize the trial-and-error experiments. A thin-film

diffusion model in conjunction with the Ti-Cu binm7 phase diagram was used to

predict the time for isothermal solidification of the joint and homogenization of

the joint. Utilizing the thin-film diffusion model and the binary Ti-Cu

.phase diagram, isothermal solidification of p-Ti without any intcrmetallic phase,

such as Ti2Cn (8) and TI2Ni (e), could be obtained in 20 sec at I150°C, 56 sec

at I I00°C, 169 sec at 10_._)°C, and 550 sec at I005°C. These joining times and
temperatures should result in joints with solute concentrations of 14 wt qb.

Again, utilizing the thin-film diffusion equation and the Ti-Cu binary phase
diagram, it was calculated that times of 1348, 412, 137, and 49 seconds for

processing temperatures of 1005, 1050, II00, and I150°C, respectively, would

be necessary to obtain a solute concentration of 5 wt q6 in the center of the joim
(homogenization).

The reaction zone growth kinetics were modeled with a parabolic growth
law. UAng the times necessary for homogenization of the joint at the four

temperatures of interest, the resultant reaction zone growths were calculated.

Reaction zone growths of 0.81, 0.65, 0.55, and 0.47pro were calculated for

temperatures of 1005, 1050, 1100, and 1150°C, respectively. From these

calculations, a temperature of I I00°C and a time of 120 sec were chosen as
optimum joining conditions.

Joining at I IO0°C for 30see resulted in nonisothermal solidification as

depicted by the thin-film diffusion model. Scanning electron microscope (SEM)
observations and energy dispersive X-ray analysis (EDAX) results from

the sample processed at I I00°C for 30see, Figure2, showed that indeed, the
first solid to solidify had an average composition of 15.9 wt % solute, points4

and 5, which is in good agreement with the Ti-Cu binary phase diagram. Also, as

one traverses toward the center of the joint, the amount of solute increases as

expected, and the remaining liquid frozen out in the joint, point !, had a
composition of approximately 37 wt % solute. This suggests that the hquid had
followed the liquidus composition down to the peritectic temperature. As seen

by the microstructures and EDAX results, the Ti-Cu binary phase diagram
sufficiently predicts the behavior of the joint during nonisothermal solidification.
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Figure 2. Scanning electron microscope micrographs of infrared joined
titanium matrix composite joint for 30 scc processing time at
I 100°C.

According to the calculated time required for isothermal solidification,
a holding time of 60 sec at I I00°C would be sufficient for complete
isothermal solidification across the joint _ea. Optical and SEM microstructural

observations of the joint processed at l l00°C for 60 see revealed an isothermal
solidified microstructurc as shown in Figure 3. EDAX in the center of the joint,

point I, reveals that a composition of 15.2 wt % solute is present, which is
similar to the 14 wt% predicted by the Ti-Cu phase diagram. Also, EDAX spot

analysis over the entire joint area, points I through 5, shows an average solute
content of 15.3 _t%, which shows good agreement with the Ti-Cu phase

diagram and the calculated o56-sec isothermal solidification. Holding at the
joining temperature of II00 C beyond 60see will cause further diffusion and

homogenization of the joint as shown in Figure 4. The center of the joint,

point I, had an average solute composition of 5 wt % and decreased to 3 wt %

at point 6. This will increase the melting point of the joint as the composition

goes up the solidus.

The calculated compositions in the centers of the joints for samples joined

at I I00°C, for 90, 120, and 300 xcc are g.3, 5.6, and 3.0wt% solute,

respectively. The compositions in the centers of the joints processed at I I00°C
for 90, 120, and 300see are 6.2, _. _, and 3.3 wt % solute, respectively, as

measured by EDAX. These concentrations agree reasonably well with the values

calculated with the thin-film diffusion equation.
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Figure 3. Scanning electron microscope micrographs of infrared joined
titanium matrix composite joint for 60-sec processing time at
1100°C.

Figure 4. Scanning electron microscope
titanium matrix comr.,_site joint
1100°C.

micrographs
for 90-sec

of infrared joined
processing time at
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Reaction zone growth measurements were taken on SCS-6/p21S titanium

composites samples in the as-received, II00°C thermal cycled for 30-, 120-, and
300-see conditions. The increase in the reaction zone thickness was 0.19, 0.44,

and 0.62 _tm for the 30-, 120-, and 300-see processed samples and had

standard deviations of 0.14, 0.15, and 0.19 _m, respectively. The results from

the fiber reaction zone growth model reveal an increase in the fiber reaction

zone for the II00°C cycle of 0.26, 0.52, and 0.81 _m for the 30-, 120-, and 300-

sec processed samples, respectively. The calculated and measured values

compare reasonably well.

Four-point bend testing of the as-received and infrared-cycled TMC was

performed to reveal the effects of the processing technique on the mechanical

properties of the TMC. The infrared processing technique causes a 14 to 18%

drop in the initial elastic modulus and a 3.8% drop in the ultimate bend mensth.
It was shown that these decreases were due to the elimination of the a-phase in

material. Heat treating at 621"C for 8 h wonid completely recover the initial

elastic modulus and ultimate bend surength.

Postheat treatments of the infrared-cycled TMC at temperatures of 280

and 427°C for up to 10 h were accomplished in order to reveal if the material

had to be rcstabilized afte_ processing to prevent m-phase embrittlement. The

temperatures and times chosen here are according to the national aerospace

plane predicted flight cycle. Four-point bend testing, microharduess testing,

microstructural analysis, X-ray, and comparisons made with results of other

_21S studies suggest conclusively that to-phase cmbrittlement is not occurring.

Joint shear strengths for the optimized infrared TLP joining parameters of

I I00°C for 120 sec were not attainable due to failure outside the joint area.

Utilizing four-ply [0 °] SCS-6/1521S and neat 1321S, joint shear strengths of 642.5

and 610 MPa, respectively, were obtained. Failure did not occur through the

joint area for either sample. It was therefore assumed that the joint shear

strengths were on the order of 610 to 642.5 MPa, which would be similar to the

interlaminar shear strength of the TMC.

Double-overlap 16-ply TMC specimens, in an overlap configuration, were

infrared joined utilizing optimum joining parameters extracted from this study
of I I00°C for 120 sec and were tested in air at 650 and 815°C. Failure for both

the 650 and 815°C test temperatures was in the base material at the first row of

SCS-6 fibers as shown in Figures 5 and 6, points 2 and 4. Figure 6 is an etched

sample that emphasizes the beta-enriched joint area, point 3. Therefore, as

seen in all the joint shear strength testing, utilizing the infrared TLP joining
parameters indicated by the thin-film diffusion model (II00oC for 120see),

joint failure will not occur even at testing temperatures as high as 815°C.
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Optical micrographs of infrared joined [0/+/.45/90] titanium matrix

composite joint for 120-see pt'ocessing .time at IIO0°C and high-
texture shear tested 650°C to the imtial drop in load to reveal
the mode of failure.

Figure 6.
Etched optical micrographs of infrared-joined [0/'+/.45/90] titanium

matrix composite joint for 120-sec processing time at II00°C and

high-temperature shear tested 650°C to the initial drop in load to
reveal the mode of failure.
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CONCLUSIONS

An RIJ process has been developed at the University of Cincinnati for the

joining of advanced materials. Two models have been utilized to predict the

joint evolution and fiber reaction zone growth for the TLPjoining of SCS-6/_21 S

co:n.._posite with Ti-15Cu-15Ni filler. Calculated and experimentai results m,_::h

well and suggest that higher joining times for shorter periods of time are most

effective in producing homogenized joints while limiting fiber reaction zone

growth. Joints produced utilizing this process show no joint failures at

temperatures as high as 815°C in air. Also, due to the rapid cooling of the

infrared joining process, the poststabilization process necessary with

conventional joining processes to prevent co-phase formation and optimize joint

parameters is not necessary.
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